In this study, heat transfer measurements for falling film evaporation were performed up to very high Prandtl numbers, from 10 to 2800. Black liquor, a residual stream from the pulping process, was used as an example of a fluid that can have very high Prandtl numbers. To overcome the problem with fouling, which can be severe for black liquor due to crystal formation at higher concentrations, a new measurement method has been successfully developed which enables reliable measurements. Viscosity was clearly the most important parameter for the heat transfer coefficient, while the specific mass flow rate had a weak and positive dependence. The results were compared with existing heat transfer correlations, but none of them were able to capture the heat transfer behavior of black liquor throughout the whole range of Prandtl numbers.
Introduction
Falling film evaporation is a robust technology used in various industrial applications. In particular it is a proven technology for fluids with high Prandtl numbers (and viscosity), which for example is the case for highly concentrated milk in milk powder production and so called black liquor in the pulp and paper industry. The aim of this paper was to experimentally investigate evaporating falling film heat transfer for black liquor, as an example of a fluid that can have very high Prandtl numbers, and to investigate how existing correlations, developed for lower Prandtl numbers, agree with the experimental results.
The black liquor evaporation plant is an essential part of a chemical pulp mill. Black liquor, which is a residual stream from the pulping process, needs to be recycled for both environmental and economic reasons. In the liquor recovery cycle, black liquor is concentrated in a multi-stage evaporation plant before being combusted in a recovery boiler. The evaporation plant is the largest consumer of steam at the mill and thus good understanding of heat transfer properties is important. Black liquor is inherently known for having high viscosity and to cause significant problems with fouling.
Black liquor is a complex viscous alkaline solution of water and organic and inorganic components, where the composition varies from pulp mill to pulp mill due to different cooking conditions and wood properties. One of the most important properties of black liquor is the dry solids mass fraction (or dry matter content, here denoted S) since it is a measure of the total concentration of non-aqueous components. In industrial multiple effect evaporators, the black liquor is normally concentrated from about 0.15 to 0.75 dry solids mass fraction, some even up to 0.85, using about 5-7 effects.
The physical properties of black liquor change significantly when it is concentrated, and the strong increase of viscosity is one of the most important changes. At low dry solids mass fraction the rheological properties are close to water, but at about 0.5 dry solids mass fraction the liquor is gradually transformed from a polymer solution to a polymer-continuous phase resulting in a more rapid increase of viscosity. At increased temperature the viscosity decreases, and this is used to prevent the viscosity of becoming too high as the concentration increases in the evaporator effects [1] . The Prandtl number is a function of specific heat (c p ), dynamic viscosity (l) and thermal conductivity (k), but viscosity show a much higher dependency of dry solids mass fraction and temperature compare to the others and therefore the Prandtl number follows the viscosity.
At about 0.5 dry solids mass fraction, sodium salts starts to precipitate and form crystal particles in the liquor. Depending on liquor composition, these particles contributes to about 10% of the mass at S = 0.8 and have a maximum size of about 100 lm. However, the crystallization will also occur on the heat transfer surface leading to fouling, and can in some situations be rapid and severe. This will complicate measurements of the heat transfer coefficient and is one reason why previous work on black liquor falling film heat transfer has mainly focused on low to intermediate dry solids mass fractions (0.25 < S < 0.55) [2] [3] [4] [5] . In the present work, a new experimental procedure had to be developed to enable accurate measurements of heat transfer at high dry solids fractions for black liquor, which imply very high viscosities and thus very high Prandtl numbers.
In contrast to the experimental or empirical approach used in this study, numerical simulations of the flow characteristics and heat transfer of the falling film can be done. However, this approach faces many difficulties; mainly because of the complexity in capturing the evolution of the free liquid surface and also due to the large difference in the scale of the dimensions (length versus film thickness). Chen and Gao [6] simulated black liquor falling film evaporation based on elliptic incompressible Navier-Stokes equations in 2D. However, their results were not verified and did not include wave hydrodynamics. Doro [7] used Direct Numerical Simulation (DNS) of Navier-Stokes equations and was able to model black liquor falling film evaporation with converged results in 2D, but only for relatively low flow rates.
Models for falling film free surface evaporation
Dimensionless numbers are often used for modeling and general characterization of heat transfer, where the heat transfer coefficient, h, is described by the Nusselt number. For falling film free surface evaporation the standard definition of the Nusselt number is [8] :
where k is the thermal conductivity, m the kinematic viscosity and g the gravitational acceleration.
To model the heat transfer a correlation is normally used where the Nusselt number is a function of Prandtl, Reynolds and/or other dimensionless numbers. The general correlations available for heat transfer in falling film evaporation have primarily been developed for fluids with relatively low Prandtl numbers, and the majority of them are based on experimental data for Prandtl numbers below 7. Their range of validity is in most cases also limited to a certain flow regime (laminar, wavy-laminar or turbulent flow), characterized by the Reynolds number. Different definitions of the Reynolds number are found in the literature, and here the following is used:
where C is the mass flow rate per unit width, hereinafter called specific mass flow rate. The general heat transfer correlations normally have one expression for laminar flow and one for turbulent flow. The transition from laminar flow with capillary or roll waves to the turbulent flow regime is suggested by Chun and Seban [9] to be Prandtl number dependent according to the following expression:
Previous work on black liquor at low to intermediate solids mass fractions (<0.55) [10] has shown that none of the available models in literature give good agreement with measured experimental data. For Prandtl numbers above 52, extrapolation of correlations by Chun and Seban [9] and Schnabel and Schlünder [8] lead to values that are closest to the experimental results. Chun and Seban [9] proposed the following model for the heat transfer during falling film evaporation: In the transition region between laminar and turbulent flow they suggested a superposition by the power of two, which will give a more gradual transition compared to Chun and Seban [9] :
In a recent work by Arndt and Scholl [11] , the heat transfer was measured at higher Prandtl numbers, up to 155, and for a range of Reynolds numbers between 52 and 3760 based on experiments using cyclohexanol and propylene glycol. They concluded that none of the available literature models are reliable for high Prandtl numbers. For cyclohexanol they developed the following model:
where Nu turb,Alh is the turbulent Nusselt number from Alhusseini [12] :
with A 1 ¼ 9:17; 
Arndt and Scholl used the following superposition in the transition region between laminar and turbulent flow:
For propylene this model, however, did not predict their experimental data well, rather they saw a significant over-prediction from the model. Their conclusion was that a significantly broader data base was required. Johansson et al. [2] also developed a new correlation, but solely for black liquor. This correlation was based on experimental data in the region of 4.7 < Pr < 170 and 47 < Re < 6740, and dry solids mass fractions up to 0.51. It was based on the correlation by Schnabel and Schlünder [8] but added a dry solids mass fraction dependence, and also included a Reynolds number limit for where the Nusselt numbers ceased to increase, described by the following equations:
Nu turb ¼ 0:0036½minðRe exp ; Re limit Þ ð0:4À0:125SÞ Pr 0:65 ; ð15Þ
where S is the dry solids mass fraction and Re limit is given by:
The Reynolds number limit for stagnant heat transfer should not be confused with the transitional Reynolds number, which describes at what Reynolds number there is a transition from laminar to the turbulent flow regime. The limit in Reynolds number for this correlation was introduced as the general formulation over-predicted the experimental results. Two tentative explanations were given; one is that the liquid in the large waves in the falling film behaves as isolated lumps undergoing recirculation, and the other is sputtering at high specific mass flow rates. The dependence on the dry solids fraction in the turbulent part of the correlation suppresses the increase in heat transfer with the Reynolds number as the solids mass fraction increases. The heat transfer correlations presented in this section divide the flow in a laminar and a turbulent flow regime with a transition region in-between. However, the laminar regime can be further divided into a pure laminar and a wavy laminar regime. Al-Sibai [13] has carried out a comprehensive study of flow characteristics for falling film evaporation using a set of silicon oils with significant viscosity differences and, among others, developed correlations for the transition between pure laminar, wavy laminar and turbulent as a function of the Kapitza number. The heat transfer will also be dependent on whether evaporation or boiling is occurring, which is determined by the heat flux. This has been studied by for example Pavlenko [14] , but in the work presented here, as the heat fluxes were low, only evaporation was occurring.
Simplified model
Johansson et al. [15] also developed a simplified implementation-oriented model for black liquor where the heat transfer coefficient is a function of specific mass flow rate and viscosity:
This correlation was mainly developed for the turbulent region and is valid for 0.3 < C < 1.1 kg/ms and 0.001 < l < 0.024 Pas. The correlation showed good agreement with their experimental data and the variations in heat transfer were accurately described using only the specific mass flow rate and viscosity. Even though this model is limited to only softwood black liquor, does not account for flow regime and only consider two physical parameters, it could be valuable while simulating and designing industrial black liquor evaporators.
Experimental
A pilot falling film evaporator was used in this work and a schematic of the experimental set-up is seen in Fig. 1 . The pilot evaporator was designed to be large enough to produce results relevant to industrial conditions, but also small enough so that a barrel of black liquor would be sufficient to run it. The heat transfer surface of the evaporator was a vertical tube, 60 mm outer diameter and 4.5 m long, giving an active outer heat transfer area of 0.848 m 2 , with the falling liquid film on the outside. As in industry, the black liquor was heated with condensing saturated steam, in this case on the inside of the tube. The heating steam was distributed along the inside of the evaporator tube through an internal steam tube. The incoming steam was bubbled through a vessel containing condensate to ensure saturated conditions. The black liquor was fed to the top of the evaporator using a circulation pump, and partially evaporates while flowing down along the tube. In order to obtain a circumferentially uniform liquor distribution for a variety of flow rates, an overflow distributor integrated to the tube top was used. To minimize the effects of sputtering, a sputtering feedback device was used to collect the sputters and return them to the film.
The produced black liquor vapor was separated from the liquid fraction in a flash tank. The bottom of the flash tank was connected to the circulation pump. The vapor was sucked to a condenser which controlled the pressure. The produced condensate could either be removed and collected outside the evaporator, or it could be recirculated to the flash tank to keep the dry solids mass fraction constant.
The pilot evaporator is highly instrumented with sensors to monitor the operation and to collect data. The most important measurements for this study were:
Temperatures at multiple positions in the system. Pressure on both the heating steam side and the black liquor side of the evaporator. The mass flow rate and density of the circulating black liquor (Endress & Hauser Coriolis mass flow meter). The viscosity of the circulating black liquor (Marimex, Viscoscope-Sensor VA-300L).
More detailed description is given in e.g. [10] .
Heat transfer measurements
The total heat transfer coefficient, i.e., the average of the entire heat transfer surface, is based on the measurement of the steam condensate flow, which is a direct measurement of the rate of heating, Q tot . To obtain a condensate flow value solely related to the heating of the tube, background losses have been measured separately and were subtracted. From the rate of heating, the overall heat transfer coefficient, U, related to the outer area, A o , was calculated as:
The steam temperature, T steam , has been determined from the pressure and the liquor temperature, T bl , from a ''mixing cup'' in the outflow. From the overall heat transfer coefficient, the outer heat transfer coefficient, h o , was calculated using the following expression:
where d w is the thickness of the evaporator tube, i.e., 5 mm, k w is the conductivity of the steel and A m is the logarithmic mean area:
The inner heat transfer coefficient, h i , has been estimated using a correlation for condensation on vertical surfaces by Schnabel and Palen [16] . Since the black liquor was flowing on the outside of the tube, the outer heat transfer coefficient was the one of interest and could be calculated using Eq. (20) since all other variables were known. It was also possible to measure local heat transfer at 6 different vertical and circumferential positions along the tube using pairs of thermocouples that were soldered into the tube wall. For this work, they were, however, only used to verify the total heat transfer measurements and to detect fouling. For more details concerning the local heat transfer measurements, see Johansson et al. [2] .
Physical properties of the fluid
Viscosity is very important for heat transfer analysis of falling films. The process viscometer measured the viscosity of the liquid continuously inline using the torsional oscillation principle [17] . The viscometer measured viscosity at an almost constant shear rate of 3450 s -1 , which was significantly higher, at least for lower Reynolds numbers, than the shear rates in the falling film. Black liquor can behave as either a Newtonian or a non-Newtonian fluid and this behaviour can change with the dry solids mass fraction and temperature. Since the composition of the liquor changes depending on its origin, different conclusions are found in the literature for when it could be considered Newtonian. However, when there is a non-Newtonian behaviour (shear thinning) it is stronger at high dry solids mass fraction and low temperature [1] .
Softwood (which was used in this study) is normally more Newtonian than hardwood and, among all, Söderhjelm [18] , Moosavifar et al. [19] and Wennberg [20] concluded that softwood black liquor could be seen as a Newtonian fluid. This is especially true at the high temperatures used in industrial evaporators which was shown by Sandquist [21] and Zaman and Fricke [22] . However, a small investigation of rheology was included in Johansson et al. [10] and here a shear rate dependency was found for a softwood liquor at temperatures used in the industry. Other studies concluding that black liquor is non-Newtonian were normally performed at temperatures lower than what is used industrially or used samples originating from hardwood. For example, Tiu et al. [23] measured a shear-rate dependence of a black liquor in the dry solids mass fraction range of 0.47-0.75, but this was for liquor originating from eucalyptus which is a type of hardwood with strong nonNewtonian behaviour. Since the majority of the studies conclude that softwood liquors is Newtonian and since the study by Johansson et al. [10] is rather limited in terms of samples and measurements, Newtonian behaviour is assumed in this study, especially since high temperatures were used (further described in section 3.3).
The conductivity and heat capacity of the black liquor needed for the dimensionless number analysis were calculated with correlations given by Adams et al. [1] . The dry solids mass fraction of the black liquor was measured from samples that were taken out of the evaporator, using TAPPI test method T650 om-89.
As water evaporates from the falling film, the black liquor properties will be slightly different at the top and bottom of the tub. It was, however, assumed that the flow rate was high enough to neglect this difference. This assumption is validated and discussed in Section 4.4.1. All important parameters (i.e., dry solids mass fraction, viscosity, mass flow rate and density) were therefore measured for the incoming liquor, except for the mixing cup temperature and boiling point elevation which were measured in the outflow.
Experimental method and conditions
In this study, the heat transfer coefficient at different black liquor dry solids mass fractions, between 0.45 and 0.85, were investigated while also varying temperature and flow rate. The temperatures used were similar to those used in the industry, i.e., 100°C for the lower dry solids mass fraction and up to 175°C for the highest mass fraction. For the majority of the measurement points, a low and a high specific mass flow rate of C = 0.9 and C = 2 kg/ms were used. These limits were chosen to avoid dry out at the low flow and sputter at the high flow, but still to give a significant difference. See Table 1 for details about the operational conditions.
All experimental results presented in this paper are from the same black liquor originating from a Swedish kraft pulp mill using softwood. Prior to the actual experiments, all of the black liquor was pre-evaporated at 100°C to the desired feed dry solids mass fraction of 0.45.
To reach the desired conditions for the different measurements, the liquor was first heated to the desired temperature without evaporation. Thereafter, the evaporator was operated in semibatch mode where the black liquor vapor produced was removed to increase the concentration. Once all desired conditions were reached, the mode of operation was switched to continuous, meaning that the vapor was still removed but now fresh low concentrated black liquor was fed to the system, while the more concentrated product liquor was ejected to keep the system volume constant. For the highest dry solids mass fraction (0.85), the heat transfer was too low to heat the entering liquor and therefore batch operation was used, i.e., no in-or outflow of liquor, and the condensed vapor was mixed back with the liquid.
The continuous operation was chosen to minimize the residence time and thereby thermal treatment of the black liquor. Thermal treatment occurs when black liquor is kept at an elevated temperature and is the effect of residual alkali in the black liquor breaking down polysaccharides and lignin to lower molecular weight compounds which decreases the viscosity [24, 25] . However, this process will also decrease the residual alkali level and pH, and then, if the level gets too low, the shape of the lignin molecules expand and associate to form large complex molecules, leading to a decrease of the apparent molecular weight and increase of the viscosity [1] . As long as the residual alkali level is above 0.03 kg Na 2 O/kg dry solids there should be no such effect on the viscosity according to Milanova and Dorris [26] . Both of these counteractive effects are reduced as the average residence time is reduced.
New method to overcome fouling
Fouling of the heat transfer surface can cause a significant decrease in heat transfer. For black liquor, fouling is common for a dry solids mass fraction above about 0.5 since then sodium salts starts to crystallize. This makes it difficult to measure the true heat transfer coefficient at higher dry solids mass fractions since clean conditions are needed. When running experiments it takes time before the desired conditions are reached and fouling might influence the measurements.
To avoid fouling influencing the heat transfer measurements, a special method had to be developed. Thus, prior to a measurement, the heat transfer surface was cleaned without shutting-down the evaporator system as a whole. The liquor, which is normally fed to the top of the evaporator, was instead recirculated directly to the flash tank to maintain mixing of the liquor and thereby avoid possible sedimentation or solidification. Water was then fed to the top of the evaporator tube through the ordinary liquor distributor and was allowed to rinse the tube as long as there was visible fouling. Since the fouling mainly consisted of sodium salts that were easily dissolved in the method was efficient. Once the surface was considered clean, the washing operation was terminated and the normal operation was switched back and the measurement could start. The cleaning should, however, be done as quickly as possible to avoid unnecessary cooling of the liquor. For dry solids mass fractions above 0.75, the risk was considered too high for performing the cleaning sequence. If the flow of black liquor stops at these concentrations it would cool fast and become too viscous for further operation, causing a plant shut down.
Results and discussion

Experimental results
The main experimental data are presented in Table 1 . The results consist of seven different levels of dry solids mass fractions, and for four of these levels, two different temperatures and specific mass flow rates. At a dry solids mass fraction of 0.559, a significantly lower specific mass flow rate was tested, C = 0.5 kg/ms, compared to the rest of the experiments. For the two highest liquor concentrations, only one specific mass flow rate and one temperature were tested. Since the experiment at the highest concentration had very poor heat transfer, a higher temperature difference between liquor and heating steam was used; i.e., 25°C instead of 10°C as for the other experiments.
In general, only minor fouling could be observed visually while cleaning the tube or from the trends in total and local heat transfer coefficients. However, in the cases where fouling was building up during the measurements, the trends of the heat transfer coefficients could be analyzed to estimate the value for clean conditions since the tube was cleaned just before the measurement started. For the experiments at 0.79 and 0.85 dry solids mass fractions, no cleaning could be performed, but from visual observations and by analyzing the trend in total and local heat transfer coefficient, no evidence of fouling was found.
Residual alkali was measured initially and for two experiments. The initial residual alkali level was 0.027 kg Na 2 O/kg dry solids and at S = 0.559 it was 0.024 kg Na 2 O/kg dry solids, meaning that the measurement points at lower dry solids mass fractions only showed limited effects of heat treatment. At S = 0.849 the residual alkali was 0.017 kg Na 2 O/kg dry solids. However, it was probably mainly the point at the highest dry solids mass fraction that was affected since then continuous operation was not possible. The residual alkali level was generally low compare to the limit mentioned by Milanova and Dorris [26] (0.03 kg Na 2 O/kg dry solids), meaning that the viscosity was probably higher than what would have been observed at a higher alkali level.
It should be noted that the hydrodynamics of the falling film in these experiments became increasingly chaotic along the tube and far from a film of uniform thickness and distribution in the lowest part of evaporator, especially at the highest viscosities or Prandtl numbers. This can be seen in Fig. 2 , which shows the typical behavior of the film in the top and bottom of the evaporator. In the top, the film had uniform thickness and distribution except for some waves, but due to wave brake down, bubbles and sputters, the film was uneven in the bottom. Bubbles are not formed due to nucleate boiling, rather other mechanisms are causing the bubble formation, which was discussed in detail in Johansson et al. [27] . In all experiments, except for the point with the highest viscosity, no dry out was observed and even though the flow was uneven in the bottom the flow only disappeared locally for maximum about one second and then came back again. The sputtering feedback device was able to return most of the sputtered liquor back to the tube. Even though the viscosity was very different in the different experiments, the hydrodynamics behavior was similar and did not deviated much from Fig. 2 . No foam was formed.
In Fig. 3 , the heat transfer coefficients obtained are shown versus viscosity. Due to fluctuations in the measurements there are some uncertainties in the values of the heat transfer coefficient, which are indicated by error bars. The maximum and minimum values give the span which should include the true value and this was set by analyzing the amplitude and trend of the fluctuations.
From Fig. 3 it is difficult to see the dependence on specific mass flow rate. In Fig. 4 , pairs of measurement points at the same viscosity (i.e., the same dry mass fraction and temperature) but at high and low specific mass flow rates are presented.
Comparison with simplified correlation
As seen in Figs. 3 and 4 , the heat transfer coefficient is influenced by both specific mass flow rate and viscosity. However, the dependence on specific mass flow rate is relatively weak while the dependence on viscosity is strong and explains most of the variations in the data. To further analyze these relations, C and l have been fitted to a correlation of the same form as Eq. (18):
using K, P C and P l as adjustable parameters. The result of the fit is presented in Table 2 .
This simplified type of correlation do not consider whether it is laminar or turbulent flow and the heat transfer coefficient is modeled using only the specific mass flow rate and dynamic viscosity. Other physical properties, such as heat capacity and conductivity, also affect the heat transfer coefficient, but do not change as radically as the viscosity. Since all physical properties of interest will vary with temperature and dry solids fraction, they will all be incorporated into the parameter of the viscosity. This means that P l does not represent the true viscosity dependence but rather it represents a change in all physical properties.
When analyzing the data, the point with the highest viscosity (l = 0.57 Pas) shows a deviation from the trend of the rest of the points. Due to reasons mentioned below, there were some uncertainties in the measurements at this point and, therefore, the curve fitting was performed both with and without this point. When the point was excluding, the R 2 value increased from 0.89 to 0.92 and the confidence interval decreased for both P C and P l meaning better agreement with the data. In Fig. 5 , the correlation without the point for the highest viscosity has been plotted together with the correlation by Johansson et al. [15] . In Fig. 5 , the heat transfer coefficient is displayed with a logarithmic scale, and this shows more noticeably than in Fig. 3 that the highest point deviates. The correlation by Johansson et al. [15] , which was validated for black liquor at lower viscosity and specific mass flow rate than used here, showed a higher dependence of specific mass flow rate and viscosity then the data in this work. There can be at least two reasons for this; either the higher dry solids mass fraction and viscosity give substantial changes in fluid properties, or else the experiments in this study were operating in a higher range of specific mass flow rate (C = 0.5-2 compared to C = 0.3-1.1). However, the data in this work is limited in terms of specific mass flow rate and more experiments are needed to draw any comprehensive conclusions. Since the 95% confidence interval of P C does not exclude zero or negative value (lower limit -0.037) it is not statistically significant that there actually is a dependence on the specific mass flow rate in the investigated region.
The dependence on viscosity for the data in this work is indicated by an exponent of À0.21 compared to À0.41 for Johansson et al. [15] . Their model does not follow the general trend of the experimental data which is clear from Fig. 5 . This means that the heat transfer for black liquor cannot be easily described for the whole range of viscosities by this type of simplified model without changing the parameter values.
Comparison with general correlations
The general correlations for heat transfer explicitly include heat capacity, thermal conductivity and density, whereas for the simplified correlation presented above, these fluid properties' influence are mainly incorporated into the viscosity parameter. The general correlations also account for the flow regime, where the Nusselt number normally decreases with increasing Reynolds number in the laminar region and, vice versa in the turbulent region.
In Fig. 6 , the experimental Nusselt numbers are presented as a function of the Reynolds number at different Prandtl numbers. Points with the same Prandtl numbers are connected with lines. The reader should keep in mind that all three of these dimensionless numbers are a function of viscosity which by far is the most dominant variable. For the Nusselt number, which measures the relative importance of convection heat transfer compared to conduction, it is expected that high Nusselt numbers imply high heat transfer. Here, in contrast, the increase at elevating dry solids mass fractions is driven by viscosity, but the heat transfer actually decreases. From Fig. 6 it is clear that the point with the highest Prandtl number (Pr = 2804) deviates from the trend of the other points. The Nusselt number increases with an increase in Reynolds number for constant Prandtl numbers, and this indicate that at least the points with the higher flow are turbulent. The flow is probably close to the transition region between laminar and turbulent flow and the scarcity of measurements makes it difficult to draw any conclusions with certainty.
The transition from laminar to turbulent flow is not only dependent on the Reynolds number but also the Prandtl or Kapitza num- ber. If the expression by Chun and Seban [9] , Eq. (3), is extrapolated to the high Prandtl numbers used here, it suggests that all the experimental points are in the turbulent region. However, the study by Al-Sibai [13] , where the transition is described in more detail for fluids with relatively high viscosity, predicts that the majority of the points are in the transition between wavy-laminar and turbulent but with a few exceptions; the highest Reynolds number is turbulent, and a few points are wavy-laminar. The visual observations indicate that the flow was a combination of wavylaminar and turbulent, but, again, it was hard to classify the measurements into a specific flow regime.
In Figs. 7 and 8 the experimental Nusselt number is compared with predictions from the general correlations by Schnabel and Schlünder [8] , Chun and Seban [9] , Ardnt and Scholl [11] and Johansson et al. [2] . It is important to emphasize that none of these general correlations have actually been validated for these high Prandtl numbers.
For the lowest Prandtl numbers (or highest Reynolds numbers), Johansson et al. [2] show the best agreement with the experimental data. This is reasonable since this correlation has been specially adapted to black liquor and validated for the conditions at these points. Schnabel and Schlünder [8] and Chun and Seban [9] have the worst predictions at these low Prandtl numbers with a Nusselt number that is too high, but as the Prandtl number increases their predictions are the best. This is in line with the work by Johansson et al. [10] , who also found that Schnabel and Schlünder [8] and Chun and Seban [9] over-predicted the heat transfer for black liquor at lower Prandtl numbers but showed good agreement above Pr = 52. The two correlations are very similar, except that the predictions from Schnabel and Schlünder [8] are somewhat lower, thus giving these predictions a slightly better agreement with the experimental data. The correlation by Johansson et al. [2] predicts a Nusselt number that is too low for the higher Prandtl numbers. Except for the lowest Prandtl numbers, Arndt and Scholl [11] predict an even lower Nusselt number than Johansson et al. [2] and they do not really follow the trend of the data here. One reason could be that their correlation predicts the data to be closer to the laminar region while the other correlations predict it to be mainly in the turbulent region. The points at the highest Reynolds numbers, which were predicted turbulent or close to turbulent by Al-Sibai's characterization [13] , were clearly laminar according to Arndt and Scholl [11] . To quantify how well the different correlations predicted the experimental data, the R 2 -value could be used. Note that some points were removed to make Figs. 7 and 8 more visible, but when the R
2
-values were calculated all points but the one at the highest Prandtl number were included. Schnabel and Schlünder [8] had the best prediction, R 2 = 0.73, closely followed by Chun and Seban [9] at R 2 = 0.69. The predictions from Johansson et al. [2] were less good, R 2 = 0.47, and Arndt and Scholl's [11] predictions were the least accurate, R 2 = À0.47. The negative value should be interpreted as the predictions are worse than using a constant value for all points, i.e., the model did not follow the trend of the data. Consequently, the R 2 -analysis gave the same results as indicated by
Figs. 7 and 8. Fig. 9 presents more clearly how well the experimental data are predicted by Schnabel and Schlünder [8] . Again, it is shown that the agreement is good at the higher Prandtl numbers, except for the point at Pr = 2804. Pr = 10 and 13 are less good. According to this extrapolation of Schnabel and Schlünder [8] , the experimental point are in the turbulent region, but close to the transition region between laminar and turbulent. Due to low variation of the Reynolds number it is not possible to say if it is the Prandtl number dependence or the model for the transition region that should be adjusted to get a better fit with experimental data. As mentioned above, correlation by Al-Sibai [13] gives a slightly different picture regarding the flow regime.
When summarizing all the analyzed models, neither the simplified nor the available general correlations seem to be able to describe the whole span of dry solids mass fractions for black liquor using the same parameters. This indicates that there is a change in the physical or hydrodynamic behavior of the liquor that is not covered by the models and that further research is needed to develop a complete model.
Uncertainty analysis 4.4.1. Property variations along the tube wall
The properties of the liquor have been considered constant along the tube, even though this is actually not true. Especially data for low specific mass flow rates is sensitive to this assumption. Therefore the effect of the mass fraction increase along the tube for two of the most important parameters; the boiling point elevation and viscosity, are estimated in Table 4 using correlations from Adams et al. [1] . Knowing the increase in viscosity, the effect on the heat transfer measurements has been estimated using Eq. (22) . As mentioned previously, Fig. 8 . Nusselt number for the experimental data as a function of the Prandtl number compared with correlations. Some overlapping data points were excluded to make the figure clearer. Fig. 9 . Comparison of experimental data and correlation from Schnabel and Schlünder [8] . The dashed line is the laminar correlation. The solid lines represent the prediction corresponding to the experimental data having the same color.
all the properties of the black liquor, except for the temperature, were measured at the inflow to the tube.
The estimated increase along the tube in boiling point elevation is 0.9°C, meaning that the boiling point temperature and surface temperature are not exactly constant along the tube which has been assumed. The effect on viscosity is relatively high; a 25% difference between the inlet and outlet for the lowest specific mass flow rate. However, the maximum effect on the heat transfer has been estimated to be only 5%. Even though the heat transfer measurements at lower specific mass flow rates are more affected by the property changes along the tube, this effect is limited and cannot explain the differences that have been measured between high and low specific mass flow rates (Fig. 4) . When comparing the properties at the inflow with the average, all figures in Table 3 should be halved (if using an arithmetic average), making the error when neglecting the change along the tube reasonably low.
Hydrodynamics of the falling film
The hydrodynamics of the falling film under the conditions investigated are increasingly chaotic in the direction of the flow and the liquid film will not maintain a uniform thickness and distribution, as described in Section 4.1. In the current experimental setup efforts were taken to have a uniform distribution in the top and minimize the effect of sputtering. In terms of modeling better understanding is needed when developing more comprehensive models, but this was not further investigated in this study.
Viscosity measurements
As previously concluded, viscosity is the most important parameter in this study and therefore accurate measurements are important. There are some uncertainties whether the black liquor used in this study could be treated as a Newtonian fluid. However, since most of the literature reports that softwood black liquor is Newtonian it should be reasonable to assume here as well.
Conclusions
A new method to overcome problems with fouling under crystallizing conditions has been successfully developed and enables reliable measurements of heat transfer for black liquor evaporation at dry solids mass fractions up to at least 0.75. In the high-to-very high Prandtl number region, viscosity is by far the most dominant parameter for the heat transfer for the investigated conditions. For the measured conditions the heat transfer increased at higher specific mass flow rates, but the dependence was weak and not statistically significant. Available correlations for heat transfer and flow characterization gave partly different results when predicted the flow regime. Despite that the correlations by Schnabel and Schlünder [8] have been extrapolated extremely far from the original validity, the agreement with the experimental data was reasonable good for Prandtl numbers from 90 to 800. However, below 90 the correlation overestimates the heat transfer. The correlations by Chun and Seban [9] showed similar results.
The more recently developed correlations by Johansson et al. [2] and Arndt and Scholl [11] clearly underestimate the heat transfer, especially the later, at the high Prandtl numbers used in this study. None of the studied correlations have been able to capture the heat transfer behavior for black liquor throughout the whole range of Prandtl numbers. This should not be interpreted as weaknesses of the models since they were extrapolated very far from where they were validated, but rather that black liquor, and likely other fluids at very high Prandtl numbers as well, needs new models to comprehensively predict the heat transfer. To be able to accurately model the heat transfer of highly concentrated black liquor better understanding of the hydrodynamic is needed together with detailed measurements of its physical properties. Table 3 Estimation of the increase in dry solids mass fraction, viscosity and boiling point elevation from the inflow to the outflow of the tube and their consequential effect on the local heat transfer coefficient.
Estimated change in liquor property along the tube C = 0.5 C = 0. 
